The ever growing obesity epidemic has created a need to develop a better understanding of the underlying mechanisms responsible for this condition. Appetite and consumption are directly influenced by the taste system which determines if potential food items will be ingested or rejected. While previous studies have reported that obese individuals have reduced taste perception, the relationship between these processes is still poorly understood. Earlier work has demonstrated that diet-induced obesity (DIO) directly impairs taste responses, particularly for sweet stimuli. These deficits occurred in the cells located in the oral cavity as well as in the behavioral responses. However, it is not clear if these changes to the taste system are due to obesity or to the high fat diet exposure. The goal of the current study was to determine if diet or excess weight is responsible for the DIO induced taste deficits. Using a combination of live cell imaging, brief-access licking, immunohistochemistry and realtime PCR, we have found that diet and weight gain can each selectivity affect taste.
Abstract
The ever growing obesity epidemic has created a need to develop a better understanding of the underlying mechanisms responsible for this condition. Appetite and consumption are directly influenced by the taste system which determines if potential food items will be ingested or rejected. While previous studies have reported that obese individuals have reduced taste perception, the relationship between these processes is still poorly understood. Earlier work has demonstrated that diet-induced obesity (DIO) directly impairs taste responses, particularly for sweet stimuli. These deficits occurred in the cells located in the oral cavity as well as in the behavioral responses. However, it is not clear if these changes to the taste system are due to obesity or to the high fat diet exposure. The goal of the current study was to determine if diet or excess weight is responsible for the DIO induced taste deficits. Using a combination of live cell imaging, brief-access licking, immunohistochemistry and realtime PCR, we have found that diet and weight gain can each selectivity affect taste.
Follow up experiments determined that two key signaling proteins, gustducin and phospholipase Cβ2, are significantly reduced in the high fat diet without weight gain and obese mice, identifying a potential mechanism for the reduced taste responsiveness to some stimuli. Our data indicate that the relationship between obesity and taste is complex and reveal that for some stimuli, diet alone can cause taste deficits, even without the onset of obesity.
The obesity epidemic and its health related complications have made it imperative that we gain a better understanding of the factors that contribute to this condition. Several studies have suggested that perception of taste stimuli is reduced in obese populations [1] [2] [3] [4] [5] [6] [7] [8] and that decreased sensitivity to taste stimuli and food associated signals lead to increases in intake [9] [10] [11] . Despite this link between taste and obesity, little work has focused on identifying the mechanisms that are responsible for this relationship. While some studies have described the effects of obesity on the central taste system, understanding the role of peripheral taste in obesity is essential because the taste receptor cells are the site of interaction between the organism and the potential food item. Our lab previously reported that diet-induced obesity (DIO) significantly inhibits the responsiveness of peripheral taste cells to taste stimuli, particularly sweet stimuli, and that these changes translate into behavioral effects [12] .
There is strong support for the idea that a reduction in taste signaling drives increases in food intake [9, 10, 13] and to our knowledge, our earlier study [12] was the first to demonstrate that DIO affects multiple aspects of taste from the initial signaling event to taste-driven behaviors.
There are two aspects of DIO that can potentially affect taste responses: excess weight or diet. We have now explored the respective roles of these two factors for the DIO-dependent taste deficits we previously identified. We focused our studies on sweet taste because it was the most affected by DIO [12] and is reported in other studies to be affected by obesity [9] [10] [11] [14] [15] [16] . The goal of this current study was to identify if there are independent effects of diet or excess weight on taste function.
In order to separate weight gain from exposure to a high fat diet, we added a low dose of captopril to the water of mice on a high fat diet. Previous work has shown that captopril (CAP), an angiotensin converting-enzyme inhibitor protects against the development of diet-induced obesity [17] . Animals on CAP voluntarily reduce their caloric consumption, which prevents weight gain. Similarly, exposing DIO animals to CAP also causes weight loss and the reversal of the associated metabolic issues that normally occur with obesity, including improved glucose tolerance and insulin resistance, loss of adipose tissue, and reduced inflammation [17] [18] [19] . This pharmacological approach to expose mice to a HF diet without weight gain avoids any potential stress that using food restriction and single housing might impose on the mouse. Importantly, our control experiments found that the concentration of CAP used in these experiments did not independently affect taste responses.
Using this approach, we compared DIO mice to mice that were on the same HF diet but did not become obese. We found that excess weight had the largest influence on taste deficits but that diet alone also impaired taste responses for some, but not all, stimuli. These data suggest a complex relationship between DIO and taste that is influenced by both weight and diet.
Results

High fat diet causes significant weight gain in the absence of captopril
Weekly tracking of total body weight identified a rapid weight gain in mice fed a high-fat (HF) diet. After one week, mice on HF food are significantly heavier than mice on standard chow (CTL). Mice on HF food with captopril in their water (HF+CAP), and mice on standard chow with captopril (CTL+CAP) did not rapidly gain weight and were not significantly different from CTLs ( Figure 1A) .
We assessed the level of obesity in the mice for each experimental condition by measuring the mass of the greater omentum (OM) and retroperitoneal (RP) adipose tissues ( Figure 1B) . These measurements are reported as a percentage of total mouse weight and identified a significant increase for both the ratio of OM/total body weight (one way ANOVA, p<0.001) and the RP/total body weight in mice on the HF diet alone compared to mice in the other experimental conditions (one way ANOVA, p<0.001). No other significant differences were found. Based on these criteria (overall weight and mass of these adipose tissues), mice on the HF (-CAP) diet were identified as obese.
Diet induced obesity does not cause loss of taste receptor cells
To determine if diet-induced obesity (DIO) caused a significant loss of the peripheral taste cells, control experiments analyzed taste buds from mice (n=3) that were on the HF diet for 10 weeks and had OM>3, RP>3 . The number of taste cells per bud in these mice were compared to age matched littermates on CTL diet (n=3). Taste buds from the circumvallate papillae (CV) were fixed and stained with DAPI to identify the nuclei ( Figure 1C ) for cell counting. 40 micron sections were imaged at every micron and every 5 th section was counted. Cell counting was performed with the experimenter blind to condition. A total of 13 taste buds were analyzed for each condition and no significant differences were found between the CTL or DIO mice ( Figure 1C , bar graph).
CAP alone does not significantly alter taste driven behaviors
Preliminary studies were used to ensure that CAP alone was not altering taste driven behaviors. We performed control experiments with mice that were pre-exposed to CAP for 4 days while on standard chow before they were behaviorally tested. There were no differences in the taste-driven behaviors in the unconditioned licking experiments to sucrose in these mice compared to mice that were not exposed to CAP (Supplemental Figure 1 ). We concluded that exposure to CAP alone does not significantly affect taste driven behaviors.
Diet and weight can have differential effects on sweet taste responses.
We then evaluated the effects of excess weight and exposure to HF diet for three sweet stimuli, two artificial sweeteners: acesulfame K (AceK, 20mM) and saccharin (sac, 2mM) as well as sucrose (suc, 50mM). A bitter compound, denatonium benzoate (5mM), and 50mM KCL were also tested. Three different measures were taken to test the effects of obesity and diet on taste: 1) the percentage of taste cells that respond to a given stimulus, 2) the amplitude of the taste evoked calcium signal in the cells that responded to the stimulus, and 3) the unconditioned licking response in the behaving animal for each stimuli (Figures 2 and 3 ).
Taste cell responsiveness is the number of taste cells that respond to a specific stimulus divided by the total number of taste cells that were exposed to that stimulus.
These data are presented as a percentage and are shown in the first column of Figure 2 for Ace K (Figure 2A ), saccharin ( Figure 2B ) and sucrose ( Figure 2C) . Individual values are shown in Supplemental Table 1 . Chi-square analyses [20] were used to identify any statistical differences in the taste cell responsiveness between the CTL mice (+/-CAP) and the mice on HF food (+/-CAP). No significant differences were found in the number of taste cells that responded to AceK (Figure 2A ). However, the average amplitude of the taste cell responses to AceK was significantly reduced in the mice on the HF diet (-CAP) compared to the other conditions ( Figure 2A , middle panel, one way ANOVA, p=0.03). No other significant differences were found. Unconditioned licking was significantly reduced in the obese animals (HF-CAP) compared to the lean animals (Table 1 ). These data indicate that obesity is likely the primary factor resulting in the reduced taste response to the artificial sweetener AceK.
Analyses of the taste responses to the artificial sweetener saccharin found that the number of taste cells that responded to saccharin was significantly reduced in the obese mice compared to control ( Figure 2B , left panel, p=0.04); however, it was not significantly different from number of saccharin responsive cells in the HF+CAP mice.
While the number of taste cells from the HF+CAP mice that were responsive to saccharin was lower than the CTL-/+CAP mice, there was no significant differences identified. Evaluation of the response amplitudes identified significant differences ( Figure 2B , middle panel, one way ANOVA, p=0.001). Follow up Student's t tests determined that the saccharin responses in the obese mice were significantly smaller than CTL (p=0.003) with comparable reductions in the HF+CAP mice compared to the CTL+CAP mice (p=0.017). No significant differences between the mice on the HF diet (+/-CAP) or between the CTL (+/-CAP) groups were found. Unconditioned licking was significantly reduced in the obese mice (HF-CAP) compared to the lean and there was strong trend (p=0.053) for a reduction in responding in the HF+CAP mice compared to lean. Unlike, the AceK results, the saccharin data suggests that diet is driving the reduction in saccharin responses since mice that were placed on the HF (+CAP) had impaired saccharin responses comparable to the obese mice. Their behavioral responses suggest that the diet alone has an effect on the taste driven behavior but that this effect is magnified when the animal is also obese.
We repeated the same analyses for sucrose and found no differences in the percentage of responsive taste cells while the amplitudes of the sucrose evoked responses were only reduced in the obese mice. Interestingly, in the behavioral analysis, both animals on the HF diet (+/-CAP) showed reduced unconditioned licking compared to the CTL mice (+/-CAP) as sucrose concentration increases. This suggests that the decrease in licking is due to the exposure to the HF diet, not changes in body mass.
Diet affects bitter taste but not KCL taste
We also tested the bitter compound denatonium (5mM) and 50mM KCL which is perceived as salty. Exposure to HF diet regardless of weight change, significantly reduced the number of taste cells that responded to denatonium ( Figure 3A Table 1 ). In agreement with our earlier study [12] , 50mM KCL responses were not affected by weight gain or diet exposure for any of the parameters analyzed ( Figure 3B ).
Taste signaling proteins change in obese mice
To investigate the potential reasons that the taste evoked calcium responses were inhibited, we measured the expression of α-gustducin and phospholipase Cβ2 (PLCβ2), two proteins in the signaling pathway that transmits sweet and bitter taste signals within taste receptor cells. Immunohistochemical analysis suggested that there was a reduction in the expression of both of these signaling proteins, so further experiments quantitated the number of taste cells expressing α-gustducin and PLCβ2 in the CV taste buds for mice from each experimental condition. Analysis parameters were standardized to DAPI labeling which was quantified as described above and was done with the experimenter blind to condition. After the total number of taste cells/bud were determined, the number of cells with labeling for each protein of interest was measured (n=at least 3 mice for each). Gustducin and PLCβ2 were analyzed separately. 
The relative expression of gustducin for each experimental condition is shown in
Discussion
Obesity is a complex disease and its relationship with the taste system is still not well understood. While multiple studies have suggested that perception of taste stimuli is reduced in obese populations [1] [2] [3] [4] [5] [6] [7] [8] and that this leads to increased consumption [9] [10] [11] , the mechanisms underlying these effects have not been identified. We have now demonstrated that a HF diet and excess weight can each inhibit taste responses and that these effects vary depending on the stimulus. Other studies have suggested a role for both leptin resistance and low grade inflammation in obesity-related changes in taste sensitivity [21, 22] . While this likely true for some taste stimuli, our data demonstrates that a prolonged exposure to a high fat diet, even in the absence of obesity, can reduce the sensitivity of the taste system to certain stimuli.
We measured the effects of DIO and diet on both the activity of taste receptor cells, which is the first step of the taste pathway, and the behavioral responses, which are the final output of the taste pathway. For each stimulus, we ensured that the behavioral experiments tested a range of concentrations that encompassed the stimulus concentration that was used in the live cell imaging experiments (shown as a dotted line on the behavior graphs). For some stimuli (AceK and denatonium), the largest separation in the behavior data correlated with the concentrations used in the imaging experiments. However, for other stimuli (saccharin and sucrose), the concentration used in the imaging experiments was lower than the stimulus concentrations where behavioral differences were recorded. While we used these concentrations to avoid non-specific effects that can occur in live cell imaging, it is possible there would be more significant differences in the cell responses if a higher stimulus concentration could be used. Indeed, the behavioral results for sucrose indicate that diet alone causes a comparable impairment to the obese mice at higher concentrations (>100mM) even though there was not a measureable difference in our live cell imaging experiments (50mM).
While high concentrations of saccharin taste bitter, we do not believe that our findings reflect a bitter specific effect since the saccharin concentration we used is well below the threshold that is perceived as bitter [23] [24] [25] as our behavioral data confirms.
We also recorded a diet effect on sucrose behavioral responses that further demonstrates the diet effect is not bitter specific. The strong agreement between our cellular and behavioral data supports the premise that the diet dependent inhibition of the taste cell activity is significant enough to impair the animal's behavior. Thus, diet alone can alter taste driven behaviors, even in the absence of weight gain. This occurs, at least in part, by altering the properties of the taste receptor cells.
Interestingly, our results for denatonium, the bitter compound that we tested in this study, had some differences from our previous findings [12] . In our first study, there was a reduction in the number of denatonium responsive cells in the obese mice, but it was not significant differently from CTL. However, in our current study, obese mice did have a significant reduction in the percentage of cells that responded to denatonium compared to CTL ( Figure 3A ). Both studies identified significant differences in the denatonium driven behaviors. These differences in cell responsiveness are likely due to differences in the number of taste cells evaluated in the different studies since more cells were tested in the current study. Obesity reduced the behavioral responses in both studies and we have now shown that the loss of aversion to denatonium is at least in part, influenced by diet.
To begin identifying the potential cellular mechanisms underlying the changes in taste cell activity, we evaluated the expression levels of two proteins with known roles in the transduction of bitter and sweet stimuli. α-Gustducin is a G-protein that is expressed in 20-30% of taste cells and is required for the normal transduction of these stimuli [26] . We found that the number of taste cells expressing the gustducin protein was significantly reduced in the obese mice but was not significantly reduced in the mice on the HF diet with no weight gain ( Figure 4A ). Conversely, qPCR for α-gustducin identified a significant reduction in mRNA in taste cells from both HF+CAP and obese mice. Since there was not a significant reduction in the number of gustducin expressing cells in the HF+CAP mice, we predict that the level of gustducin expression within the individual taste cells of these mice may be reduced. Loss of gustducin significantly decreases the ability to detect bitter and sweet stimuli [27] , so the diminished gustducin expression in the obese mice is likely contributing to their impaired ability to respond to the sweet and bitter stimuli we tested. Since gustducin is not solely responsible for the transduction of all sweet stimuli [28] , this selective reduction in its expression may be the basis, or at least contribute, to the selective diet effect on the sweet taste responses that we found.
We also evaluated the expression of PLCβ2. This enzyme produces IP3, which activates IP3 receptors on the endoplasmic reticulum to release intracellular calcium.
This PLCβ2 function is also required for the transduction of bitter and sweet stimuli [29] and we found that its expression was significantly reduced in the obese mice at both the protein and mRNA levels ( Figure 4B ). While there appeared to be fewer cells expressing PLCβ2 in the HF+CAP mice, no significant differences were identified (p=0.05) even though there was a significant reduction in the mRNA levels for PLCβ2 (p=0.013). We postulate that the modest reduction of PLCβ2 expression in these taste cells may be a contributor to the selective effects of diet in inhibiting taste responses.
These data also suggest that the obesity and diet dependent inhibition of the taste cell activity are not specific to one protein, but to many components of the taste pathway.
While one sweet sensitive pathway is known and well-studied [30] , the differential effects of the HF diet for the different sweet taste stimuli, suggests different sweetsensitive pathways may exist. This idea is supported by earlier work in other labs [31] [32] [33] [34] [35] .
Our study demonstrates that the peripheral taste system can be significantly inhibited by diet, without the onset of obesity. This leads to the idea that diet exposure, even without increased consumption, may be impairing taste responses sufficiently to alter consumption which can then subsequently induce obesity. Further studies are needed to address this question.
Materials and Methods
Mice: Animals were cared for in compliance with the University at Buffalo Institutional Animal Care and Use Committee. All experiments used C57BL/6 mice that ranged in age from 1 to 6 months. At weaning, mice were placed on either standard (Harlan labs: diet is comprised of 18% calories from fat, 58% calories from carbohydrates, 24% calories from protein) or high fat (HF) chow (60% high fat Kcal feed, Harlan Labs, Inc., Madison, WI, USA; diet is comprised of 60% calories from fat, 22% calories from carbohydrates, 18% calories from protein). Mice were placed on the HF diet (60%kcal) in the presence and absence of captopril (CAP, 0.05mg/mL water) with control mice on standard chow +/-CAP. CAP water was replaced every other day. Experiments were performed after the mice on the HF diet became obese, usually at least 6-8 weeks after they were given the HF diet. Omentum and retroperitoneal fat weights were collected and were calculated as either [(OM g/total weight g)*100] or [(RM g/total weight g)*100].
Taste cell isolation: Taste receptor cells were harvested from taste papillae of adult mice as previously described [12, [36] [37] [38] [39] [40] [41] . Briefly, mice were sacrificed using carbon dioxide and cervical dislocation. Tongues were removed and injected beneath the lingual epithelium with 0. min. On the second day, a tube containing water was presented but this time the mouse was given 180s to initiate licking and once licking was recorded the mouse was given 30s access to the tube. At the conclusion of either the 30s access or the 180s limit, the shutter was closed again for 10s. Each of the 8 tubes, all containing water, was presented 3 times. During the remaining 5 days of training, the mouse was given 30 min to initiate licking to one of eight tubes of water. Once the mouse began licking, it was given 10s to lick before the shutter closed for 10s, after which a new tube was presented.
During testing, animals were allowed to take as many trials as possible in 30 min. Mice were tested on varying concentrations of sucrose and PLCβ2 (1:1000, Santa Cruz). Labeling by both primary antibodies was visualized using goat-anti-rabbit CY5 secondary antibody (1:500, Jackson ImmunoResearch Laboratories Inc., West Grove, PA, USA).
Cell count analysis: Cells in individual taste buds were analyzed using Zen 2012 Blue
Edition with the analysis done blind to experimental condition by 3 people. Images were taken at every micron and the nuclei in every 5 th slice was counted as an estimate of the number of taste cells within each bud. Cells expressing the target protein were then counted at every 5 th slice. Data is reported as the ratio of protein-expressing cells to total cells in the buds. Taste buds from at least 3 mice were analyzed for each antibody and experimental condition. Taste buds from 3 mice were also fixed, sectioned, labeled with DAPI and subsequently counted to compare the number of taste cells in the mice on the HF diet to mice on standard chow. cDNA synthesis: Isolated taste cells (see above) were placed in a microfuge tube and spun for 20 min at 13,000RPM to pellet cells. RNA was isolated using the Nucleospin RNA XS kit (Macherey-Nagel, Dϋren, Germany). RNA was treated with DNAase (Fermentas Life Sciences) and then used as a template to produce cDNA using SuperScript III Reverse Transcriptase (Invitrogen). PCR analysis was performed for GAPDH to ensure sample quality and check for genomic contamination. Contaminated samples were discarded and new samples were collected. Gustducin primers were taken from [42] and are listed in Supplemental Table 2 . PLCβ2 and GAPDH primers are also listed in Supplemental Table 2 .
Real-Time PCR: Real-Time PCR was performed using a BioRad MiniOpticon system (Bio-Rad Laboratories, Hercules, CA), with BioRad SYBR Green reagents (Bio-Rad Laboratories). Taste cells from three mice were used for each sample and each sample was run in triplicate. If there was more than 5% difference between the replicates, the data were discarded. Data was normalized to GAPDH expression for each sample to correct for any loading differences and reported as fold differences. Three biological repeats were collected for each condition. A combination of live cell imaging and unconditioned brief-access licking assays were used to assess the relative effects of DIO and HF diet on the ability of the taste system to respond to sweet stimuli. The left column is the total number of taste cells that responded to each stimulus. HF diet (+/-CAP) were compared to CTL (+/-CAP) mice using Chi-square analysis with Yates correction (significant differences are indicated by different letters). The center column is the response amplitude for each condition (compared with one-way ANOVA) and the third column is brief-access licking behavior for each stimulus (compared with ANOVAs, see Table 1 ). The dotted line in the third column indicates the stimulus concentration used in the live cell imaging experiments.
Two artificial sweeteners, Ace K (20mM, A) and saccharin (sac, 2mM, B) were evaluated along with sucrose (suc, 50mM, C). Individual data values for each condition is shown in Supplemental Table 1 . A) No significant differences were found in the number of taste cells that responded to AceK, however response amplitudes from the HF mice were significantly lower than CTL (p=0.012) and HF+CAP (p=0.03).
Consistent with the amplitude data, HF+CAP mice licked significantly less than the other treatments in the brief-access test. B) Treatment with a HF diet reduced the percent of cells responding to saccharin (p=0.04), as well as the average response amplitude (one way ANOVA, p=0.001). In the brief-access taste test HF mice licked significantly less than other groups and the HF+CAP group trended to lower licking behavior (p=0.053) compared to the CTL animals. C) There was no effect of weight or diet on the percentage of cells responding to sucrose, while there was a reduction in response amplitude in HF animals (one way ANOVA, p=0.02). The behavioral data suggest that exposure to the HF diet is sufficient to alter licking behavior.
Figure 3: Effects of diet and weight on bitter and salt stimuli.
A combination of live cell imaging and unconditioned brief-access licking assays were used to assess the relative effects of DIO and HF diet on the ability of the taste system to respond to bitter (5mM Denatonium Benzoate, A) and salt (50mM KCL, B) stimuli.
Individual data values for each stimulus is shown in Supplemental Table 1 . The left column is the total number of taste cells that responded to each stimulus. Mice on the HF diet (+/-CAP) were compared to CTL (+/-CAP) mice using Chi-square analysis with Yates correction). The center column is the response amplitude for each condition (compared with one-way ANOVA) and the third column is brief-access licking behavior for each stimulus (compared with ANOVAs, Table 1 ). The dotted line in the third column indicates the stimulus concentration used in the live cell imaging experiments. A)
Exposure to the HF diet reduced the percentage of cells responding to Den (p=0.029 for HF-CAP and p=0.007 for HF+CAP), and decreased the behavioral sensitivity to Den, but did not affect the response amplitudes of the responses. B) There was no effect of diet or weight on any measure of responding to KCL. Pre-exposure to CAP (4 days, 0.05mg/mL water) did not affect the unconditioned licking behavior of lean mice to sucrose (n=6 mice/group). 
